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It is found that a nanoicosahedral phase in the diameter less than 20 nm is formed as a primary
crystalline phase in the melt-spun Zr70Pd30 and Zr80Pt20 binary amorphous alloys. The
nanoicosahedral phase is also formed in the as-quenched state in the Zr80Pt20 binary alloy by
controlling the quenching rate. The slight redistribution of approximately 3 at % is observed during
the quasicrystallization in the Zr70Pd30 alloy. In contrast, no significant compositional change
between the nanoicosahedral and residual amorphous phases is observed in the Zr80Pt20 alloy. It is
suggested that the precipitation of nanoicosahedral phase in the Zr70Pd30 alloy takes place by a
diffusion-controlled growth mode accompanying an increase in nucleation rate. The activation
energy for grain growth is calculated to be 270 kJ mol21, which implies the growth of icosahedral
phase without a long-range atomic redistribution. The icosahedral medium-range order in the
diameter range less than;2 nm is observed in the high-resolution electron micrographs of the
melt-spun Zr70Pd30 and Zr80Pt20 amorphous alloys. It is realized that the icosahedral quasicrystalline
phase can grow easily with assimilating the icosahedral medium-range order due to a slight
redistribution of constitutional elements during quasicrystallization. The formation of the
nanoicosahedral phase in the Zr70Pd30 and Zr80Pt20 binary alloys appears to be attributed to the
existence of the icosahedral medium-range order in the amorphous and/or liquid states. ©2001




































Since the reproducible formation of a nanoicosahed
quasicrystalline phase as a primary precipitation phase in
Zr–Al–Ni–Cu–~Ag, Pd, Au, or Pt!,1,2 Zr–Al–Ni–M,3
Zr–Ni–M ~M5Pd, Au, or Pt!,4 and Zr–TM–Pd~TM5Fe,
Ni, Co, or Cu!5 glassy alloys was reported, great attenti
has been focused on investigating the reason for the for
tion of the icosahedral phase in the Zr-based glassy alloy
the aspects of the structural correlation6 between high glass
forming ability and icosahedral atomic configurations. The
discoveries also provide a unique opportunity to clarify t
kinetics7 and mechanism of the transformation from the gla
to icosahedral phase in the Zr-based glassy alloys. Moreo
the recent studies on alloy components to form the icosa
dral phase suggest that two kinds of interactions of Zr–T
and Zr–M with strongly negative heats of mixing contribu
to the stabilization of both glassy and icosahedral pha
through the restraint of the long-range rearrangements
constitutional atoms.4,5 Since the formation of the icosahe
dral phase in these alloys has been found in the multic
ponent alloy systems consisting of more than three eleme
little is know about the reason for the formation of the icos
hedral phase under the coexisting condition of Zr–TM a
Zr–M interactions, or which interaction is the dominant fa
a!Electronic mail: jsaida@sendai.jst.go.jp4710021-8979/2001/90(9)/4717/8/$18.00















tor in the formation of the icosahedral structure. Very r
cently, the nanoicosahedral phase formation was reporte
the melt-spun Zr80Pt20 alloy
8 and the primary phase of th
Zr70Pd30 amorphous alloy,
9,10 which indicates that the Zr–M
pair is a dominant factor in the formation of the icosahed
phase and the Zr–TM pair stabilizes the icosahedral st
ture. In this article, we report the transformation behav
from amorphous to nanoicosahedral phase in the Zr70Pd30
and Zr80Pt20 binary alloys. We also attempt to clarify th
formation mechanism of nanoicsahedral phase by the an
sis of medium-range order using high-resolution transm
sion electron microscopy~HREM! and nanobeam electro
diffraction ~NBD! in the amorphous state.
II. EXPERIMENTAL PROCEDURE
Ribbon samples with a cross section of 0.0331 mm2
were produced by melt spinning of arc-melted Zr70Pd30 and
Zr80Pt20 alloy ingots in an argon atmosphere. Thermal pro
erties were measured with a differential scanning calorime
~DSC! at a heating rate of 0.67 K s21. The structure was
examined by x-ray diffracometry~XRD! with CuKa radia-
tion and by field-emission transmission electron microsco
~FE-TEM! with an accelerating voltage of 300 kV~JEOL
JEM-3000F!. Isothermal crystallization was performed in
DSC with a heating rate of 1.67 K s21 to suppress therma
influences during heating. The compositions of the icosa7 © 2001 American Institute of Physics















































4718 J. Appl. Phys., Vol. 90, No. 9, 1 November 2001 Saida, Matsushita, and Inouedral and residual amorphous phases were examined by
ergy dispersive x-ray spectroscopy~EDX! with a beam di-
ameter of;5 nm. The medium-range order was observed
HREM with an accelerating voltage of 300 kV and its stru
ture was analyzed by NBD with a beam diameter of 1 nm
III. RESULTS
A. Formation of nanoicosahedral phase as a primary
crystallization phase in the Zr 70Pd30 and Zr 80Pt20
binary amorphous alloys
The oxygen content of the melt-spun Zr70Pd30 and
Zr80Pt20 ribbons analyzed by the inductively coupled plasm
spectroscopy was less than 700 mass ppm. Consequentl
influence of the oxygen impurity on the transformation b
havior can be ignored.11 Figures 1 and 2 show XRD pattern
and DSC curves of the melt-spun Zr70Pd30 ~a! and Zr80Pt20
~b! alloys. The melt-spun ribbons were prepared at the
roll speed of 50 ms21. No significant diffraction peaks excep
a halo peak are observed in both patterns, indicating tha
alloy ribbons have an amorphous structure. In the DSC cu
of the Zr70Pd30 amorphous alloy, the crystallization procee
FIG. 1. XRD patterns of the melt-spun Zr70Pd30 ~a! and Zr80Pt20 ~b! alloys.








through two exothermic reactions and the crystallizat
temperatureTx corresponding to the onset temperature of
first exothermic peak is 723 K. The temperature interval
tween the two exothermic peaks is approximately 80 K. A
though the two-stage crystallization process is also obse
in the Zr80Pt20 amorphous alloy, the exothermic peaks a
weaker and broader than those in the Zr70Pd30 amorphous
alloy. The onset temperature of the first exothermic pea
717 K and peak temperatures of the two exothermic re
tions are 757 and 923 K, respectively. For the determina
of the primary phase transformed from the amorphous st
we examined structure of the Zr70Pd30 and Zr80Pt20 amor-
phous alloys annealed for the first exothermic reaction. F
ure 3 shows the XRD patterns of the samples annealed
120 s at 740 K for the Zr70Pd30 alloy ~a! and at 840 K for the
Zr80Pt20 alloy ~b!. All the diffraction peaks can be identifie
as the icosahedral structure in the annealed state in bot
loys. Bright-field TEM images, selected-area electron d
fraction patterns~SADPs! taken from the region of 1mm in
diameter and NBD patterns of the Zr70Pd30 alloy annealed
for 120 s at 740 K@~a!–~e!# and the Zr80Pt20 alloy annealed
for 120 s at 840 K@~f!–~j!# are shown in Fig. 4, respectively
The beam diameter for NBD is;2.4 nm. Fine particles with
diameters less than 20 nm are distributed homogeneo
over the whole area in both alloys. The reflection rings in
SADP are identified as the icosahedral structure. The N
patterns for the precipitation particles clearly reveal the fiv
three-, and twofold symmetries which can also be confirm
as the icosahedral structure. Since no diffraction patterns
responding to other crystalline phases are obtained in b
alloys, it is concluded that the first exothermic peak cor
sponds to the transformation from the amorphous phas
the icosahedral phase.
In order to evaluate the thermal stability of the icosah
dral phase, we examined the structure of the samples
nealed at higher temperatures by XRD. Figure 5 shows
XRD patterns of the Zr70Pd30 amorphous alloy annealed fo
60 s at 873 K~a! and the Zr80Pt20 amorphous alloy anneale
for 3.6 ks at 1000 K~b!, which correspond to the transfo
mation at the second exothermic peak. The diffraction pe
FIG. 3. XRD patterns of the Zr70Pd30 amorphous alloy annealed for 120 s


























4719J. Appl. Phys., Vol. 90, No. 9, 1 November 2001 Saida, Matsushita, and Inoueof the Zr2Pd phase are seen in the Zr70Pd30 alloy. In the
Zr80Pt20 alloy, the diffraction peaks are identified as Zr, ZrP
Zr5Pt3, and Zr9Pt11 phases. Neither residual existence of
icosahedral phase nor broad peaks due to an amorp
phase is recognized in both patterns, indicating that
icosahedral phase is a metastable phase. It is therefore
cluded that the transformation of the Zr70Pd30 and Zr80Pt20
binary amorphous alloys can be expressed as follows:
amorphous phase→icosahedral phase




for the Zr80Pt20 amorphous alloy.
FIG. 4. Bright-field TEM images, SADPs and NBD patterns of the Zr70Pd30
amorphous alloy annealed for 120 s at 740 K@~a!–~e!# and the Zr80Pt20
amorphous alloy annealed for 120 s at 840 K@~f!–~j!#. The beam diameters




B. Structural change with quenching rate in the
Zr80Pt20 alloy
We investigated the change in the structure of the m
spun ribbons with quenching rate in the Zr80Pt20 alloy by
changing the Cu roll speed in the range of 50–10 ms21.
Figure 6 shows XRD patterns of the as-quenched sam
prepared at various roll speeds. As shown in Fig. 1, no s
nificant diffraction peaks are observed in the sample p
pared at 50 ms21. We can confirm the diffraction peaks o
ZrPt, Zr5Pt3, and Zr9Pt11 phases at the roll speed of 20 ms
21.
At the roll speed of 10 ms21, sharp diffraction peaks of the
hcp Zr phase are observed, in addition to the crystall
phases observed at 20 ms21. In contrast, all the diffraction
peaks can be identified as an icosahedral phase at the
speeds of 40 and 30 ms21 and no extra peaks correspondin
to a crystalline phase are seen. We also performed TEM
servation for the sample prepared at 40 ms21. Figure 7 shows
the bright-field TEM image~a!, SADP~b!, and NBD patterns
@~c!–~e!# of the as-quenched Zr80Pt20 alloy prepared at 40
ms21. Very fine particles of diameter less than 10 nm a
observed over the entire area. The precipitates have a ne
spherical morphology and are homogeneously distribu
The SADP taken from a region of 1mm in diameter exhibits
broad rings which indicate the fine grain size. In order
confirm the structure of the precipitated particles, we o
tained NBD patterns of the particles with a beam diamete
2.4 nm. The three kinds of electron diffraction patterns rev
the five-, three-, and twofold symmetrices, which can
identified as the icosahedral structure. Furthermore, no a
FIG. 5. XRD patterns of the Zr70Pd30 amorphous alloy annealed for 60 s a
873 K ~a! and the Zr80Pt20 amorphous alloy annealed for 3.6 ks at 1000


















4720 J. Appl. Phys., Vol. 90, No. 9, 1 November 2001 Saida, Matsushita, and Inouetional reflection spots corresponding to a crystalline ph
are observed. The structure of the as-quenched sample
pared at 30 ms21 is similar to that shown in Fig. 7. Thus,
is determined that the icosahedral single phase is dire
FIG. 6. XRD patterns of the melt-spun Zr80Pt20 alloys prepared at various
Cu roll speeds in the melt-spinning technique.
FIG. 7. Bright-field TEM image~a!, SADP~b!, and NBD patterns@~c!–~e!#
of the melt-spun Zr80Pt20 alloy prepared at Cu roll speed of 40 ms
21. The
beam diameters for SADP and NBD are;1 mm and 2.4 nm, respectively.Downloaded 25 Mar 2010 to 130.34.135.83. Redistribution subject to AIPe
re-
ly
formed in the rapidly solidified Zr80Pt20 binary alloy pre-
pared at the roll speeds of 40 and 30 ms21. The particle size
of the icosahedral phase for the as-quenched sample prep
at the roll speed of 40 ms21 is considerably smaller than tha
of the annealed sample of the amorphous alloy shown in
4, which is interpreted to be due to the difference in nuc
ation and growth rates.
Finally, it is found that the structure of the as-quench
Zr70Pd30 alloy is amorphous at the roll speeds above 20 m
21
and the Zr2Pd phase is directly formed in the amorpho
matrix in the as-quenched sample prepared at 10 ms21. No
icosahedral phase is identified in the as-quenched Zr70Pd30
alloy.
IV. DISCUSSION
A. Redistribution behavior during
nanoquasicrystallization in the Zr 70Pd30 and Zr 80Pt20
amorphous alloys
The compositional changes during the precipitation
nanoicosahedral phase in the Zr70Pd30 and Zr80Pt20 alloys
were examined by nanobeam EDX. The beam diameter
nanobeam EDX is approximately 5 nm. Figure 8 sho
bright-field TEM images and EDX results of the Zr70Pd30
alloy annealed for 120 s at 710 K~a! and the Zr80Pt20 alloy
annealed for 120 s at 760 K~b!, where the nanoicosahedra
phase precipitates in the amorphous matrix. In the Zr70Pd30
alloy, an average composition of five data points in the ico
hedral phase is Zr74.1Pd25.9, which is slightly different from
that (Zr70.9Pd29.1) in the residual amorphous phase. It is cla
FIG. 8. Bright-field TEM images and EDX results of the Zr70Pd30 amor-
phous alloy annealed for 120 s at 710 K~a! and the Zr80Pt20 amorphous
alloy annealed for 120 s at 760 K~b!. The beam diameter for EDX














































4721J. Appl. Phys., Vol. 90, No. 9, 1 November 2001 Saida, Matsushita, and Inouefied that the slight rejection of Pd~;3 at %! from the icosa-
hedral phase is necessary for the precipitation and growt
the nanoicosahedral particles. In contrast, the same ave
composition of Zr79.5Pt20.5 is obtained in the icosahedral an
residual amorphous phases in the Zr80Pt20 alloy, indicating
the absence of significant redistribution of the constitutio
elements during the transformation from amorphous
nanoicosahedral phase. It points out the difference of the
exothermic reaction in the DSC curves between the two
loys shown in Fig. 2. Heat of the first exothermic reaction
the Zr70Pd30 amorphous alloy is calculated to be 1.6
kJ mol21, which is considerably larger than that~0.99
kJ mol21! in the Zr80Pt20 amorphous alloy. The absence
significant rearrangement to seems to be one of the fac
for the low heat of quasicrystallization in the Zr80Pt20 amor-
phous alloy.
B. Kinetics of the transformation from amorphous to
nanoicosahedral phase in the Zr 70Pd30
amorphous alloy
The transformation kinetics from the amorphous ph
to the icosahedral phase were examined in the crystalliza
reaction during isothermal annealing at different tempe
tures belowTx of the Zr70Pd30 amorphous alloy.
12 As shown
in Fig. 2, we can clearly recognize the exothermic peaks
to the transformations from the amorphous phase to
icosahedral phase and from the icosahedral phase to the
talline phase in the Zr70Pd30 amorphous alloy. The kinetics o
the structural transition are analyzed in the framework of
Johnson–Mehl–Avrami~J–M–A! equation,13,14which is de-
scribed as:
ln@2 ln~12Y!#5k1n ln~ ta!, ~1!
wherek is a temperature-dependent kinetic parameter,n is
the Avrami exponent, andta is an isothermal annealing time
The J–M–Aplots of the Zr70Pd30 amorphous alloy and the
temperature dependence ofn are shown in Fig. 9, where th
data at the transformation ratiosY ranging from 0.2 to 0.8 are
FIG. 9. J-M-A plots in the temperature range of 700–715 K for the Zr70Pd30














used. Then value is in the range from 2.9 to 3.2 in th
temperature range of 700–715 K and can be approximate
3.0. It has been reported that then value is about 3.0 for the
precipitation of the icosahedral phase in the supercooled
uid region of the Zr65Al7.5Ni10Cu7.5Pd10 glassy alloy,
15 in
agreement with the result of the present study. It is sugge
that the transformation proceeds through the diffusio
controlled growth mode with increasing nucleation rate16
The compositional change shown in Fig. 8 is consistent w
the diffusion-controlled transformation mode. The extrem
fine grain size of the icosahedral phase less than 20 nm in
annealed state also implies the increase of the nucleation
with a proceedings of the transformation. However, t
J–M–A plots are slightly curved at a late stage of the tra
formation, indicating the decrease of the Avrami expone
The change of the Avrami exponent with transformation a
implies the possibility of the existence of the quenched
nuclei in the amorphous state.17,18 We have clarified that the
nucleation rate of the icosahedral phase in
Zr65Al7.5Ni10Cu7.5Pd10 glassy alloy is 10
4 times higher than
that of the fcc Zr2Ni phase in the Zr65Al7.5Ni10Cu17.5 glassy
alloy examined by the combination of TEM observation a
DSC analysis.19 The significant increase in the nucleatio
rate of the primary phase by the addition of Pd proba
results from the formation of the short- or medium-ran
order consisting of the Zr–Pd pair.
In order to clarify the grain growth kinetics of icosah
dral nanophase, we examined the change in the growth
with annealing temperature. Figure 10 shows bright-fi
TEM images of the Zr70Pd30 amorphous alloy annealed a
FIG. 10. Bright-field TEM images of the Zr70Pd30 amorphous alloy annealed


























































4722 J. Appl. Phys., Vol. 90, No. 9, 1 November 2001 Saida, Matsushita, and Inoue710 K for the annealing time of 60 s~a!, 72 s~b!, 90 s~c!,
and 120 s~d!. The fine icosahedral grains with nearly sphe
cal morphology in the diameter less than;23 nm are ob-
served. They distribute homogeneously and the numbe
icosahedral grains increases significantly with annea
time, which is recognized as the increase of nucleation r
These results also support the investigation of the trans
mation kinetics discussed. Figure 11 shows the maxim
diameter of the icosahedral precipitates as a function of
nealing time,ta at the temperatures between 700 and 715
The diameter was measured in the time range before co
cence of the particles as shown typically in Fig. 10. T
icosahedral phase grows almost linearly with increasing
nealing time. The maximum grain size of the icosahed
phase is approximately 24 nm in the annealing conditio
With increasing temperature from 700 to 715 K, the grow
rate increases from 1.0310210 to 2.6310210 ms21. The
growth rates have nearly the same order as those~7.6
310211– 6.7310210 ms21) of the icosahedral phase in th
Zr65Al7.5Ni10Cu7.5Ag10 glassy alloy.
19 However, the change
in the growth rate with annealing temperature in the Zr70Pd30
amorphous alloy is considerably lower than that in t
Zr65Al7.5Ni10Cu7.5Ag10 glassy alloy. These growth rates fo
icosahedral particles are approximately ten times sma
than that of the metastable fcc Zr2Ni phase in the
Zr65Al7.5Ni10Cu17.5 glassy alloy,
19 indicating that the grain
growth of icosahedral phase is suppressed. It is there
concluded that the formation of the icosahedral phase w
nanometer scale is attributed to high nucleation rate and
grain growth rate during the transformation. Figure 12 sho
the Arrhenius plot of the logarithm of grain growth rate ve
sus the reciprocal of annealing temperature. The plot yiel
linear relationship, of which slope gives the activation e
ergy for grain growth,Qg of 270 kJ mol
21 according to the
following equation:
u5u0 exp~2Qg /RT!, ~2!
whereu is the grain growth rate,u0 is a preexponential fac
tor, andR is the gas constant. The activation energy for gr
FIG. 11. Change in the maximum diameter of the icosahedral particle in




















growth is the same as that calculated from the incuba
time of quasicrystallization,12 which is in correlation with the
initial stage of nucleation. Moreover, it is much smaller th
those of the metastable fcc Zr2Ni phase in the
Zr65Al7.5Ni10Cu17.5 glass~382 kJ mol
21! and the nanoicosa
hedral phase in the Zr65Al7.5Ni10Cu7.5Ag10 glass ~352
kJ mol21!,19 where the differences in theQg are attributed to
the number of components involved in the rearrangeme
through the grain growth among the alloy systems.20,21
Meanwhile, the activation energy of 270 kJ mol21 is signifi-
cantly low considering the necessity of rearrangements o
and/or Pd.22 It is therefore, suggested that the precipitation
the icosahedral phase proceeds without large-scale rearra
ments, implying the existence of an icosahedral short-
medium-range order in the amorphous state.6,17,18,23,24
A structural correlation between the icosahedral ph
and short- or medium-range order in the amorphous an
liquid states is expected by the strong chemical reaction
Zr–Pd or Zr–Pt. The heats of mixing for Zr–Pd and Zr–
pairs have extremely large negative values of291 and2100
kJ mol21, respectively.25 We can speculate on the existen
of an icosahedral short- or medium-range order in the am
phous and/or liquid states6,18,23 under the strong chemica
pair of Zr–~Pd or Pt! by the suppression of the long-rang
rearrangements of atoms to form the stable crystalline ph
leading to an increase of stability of the icosahedral short
medium-range order. The precipitation of the nanosc
icosahedral particles also reflects the stability of the icosa
dral short- or medium-range order as well as the difficulty
long-range rearrangements for grain growth during crysta
zation.
C. Investigation of a medium-range order in the
Zr70Pd30 and Zr 80Pt20 binary amorphous alloys by
HREM observation
In the discussion on the kinetics of nanoquasicrystalli
tion in the Zr70Pd30 and the Zr80Pt20 amorphous alloys, it is
strongly pointed out that the icosahedral short- or mediu
range order exists in the amorphous and/or liquid state
order to examine the existence of the icosahedral short
medium-range order in the amorphous state, we perform
e
K.
FIG. 12. Arrhenius plot of grain growth rate of the icosahedral phase a
function of isothermal annealing temperature in the Zr70Pd30 amorphous











































4723J. Appl. Phys., Vol. 90, No. 9, 1 November 2001 Saida, Matsushita, and InoueHREM observation for the Zr70Pd30 and Zr80Pt20 amorphous
alloys.26 Figure 13 shows the HREM images and SAD
taken from the region of 1mm in diameter of the amorphou
Zr70Pd30 @~a! and~b!# and Zr80Pt20 @~c! and~d!# alloys. Since
both the SADPs consist of the halo ring and no diffracti
spots can be observed, it is recognized that the melt-s
samples have an amorphous structure and contain no obv
precipitations in the matrix. In the HREM images, some fe
tures of local ordered regions which are circled in the figu
are found. The size of the ordered regions is;2 nm in di-
ameter. No NBD patterns except a halo ring from the orde
region can be obtained. A similar structure has been repo
in the simulation results where the icosahedral mediu
range order is assumed to exist in the amorphous sta27
Moreover, Xinget al. have recently reported a similar stru
ture in the as-quenched Zr54.5Ti7.5Cu20Ni8Al10 glassy alloy,
6
where the icosahedral phase is also formed in the anne
state. They suggest that the ordered structure is indicativ
an icosahedral short- or medium-range order. These stu
strongly imply that the ordered regions observed in the
quenched Zr70Pd30 and Zr80Pt20 amorphous alloys are rea
ized as an icosahedral medium-range order.
In order to identify the structure of ordered region
HREM observation for the Zr70Pd30 amorphous alloy an-
nealed at the low temperature belowTx was performed. The
HREM image~a!, SADP taken from the region of 1mm in
diameter~b!, and NBD pattern with a beam diameter of 1 n
~c! of the Zr70Pd30 amorphous alloy annealed for 120 s at 6
FIG. 13. HREM images@~a! and ~c!# and SADPs@~b! and ~d!# of the as-
quenched Zr70Pd30 and Zr80Pt20 amorphous alloys, respectively. The bea













K are shown in Fig. 14. Only a halo ring is observed in t
SADP, indicating that the amorphous structure remains in
annealing condition. Moreover, no precipitates correspo
ing to a crystalline or quasicrystalline phase can be see
the HREM image. The same ordered regions as that in
as-quenched sample are confirmed, as marked with a c
in Fig. 14~a!. The ordered region grows slightly as is ev
denced from the change in the diameter of 3–4 nm. Althou
the NBD pattern taken from the ordered region~marked with
A in the HREM image! in Fig. 14~c! reveals weak reflection
spots due to the small area and fine electron beam, we
identify it as the fivefold symmetry originated from th
icosahedral structure. These results are regarded as the
evidence for the existence of the icosahedral medium-ra
order in the Zr70Pd30 and Zr80Pt20 amorphous alloys. It is
suggested that the icosahedral medium-range order in
amorphous state is attributed to the high stability of t
icosahedral atomic configuration during the cooling proc
from the melt. The stable icosahedral medium-range or
seems to lead to the restraint of the rearrangements of
stitutional elements to form the periodic crystalline phase
The HREM image~a! and NBD pattern with a beam
diameter of 1 nm~b! for the Zr70Pd30 amorphous alloy an-
nealed for 120 s at 710 K are shown in Fig. 15 for t
investigation of the growth process of the icosahed
FIG. 14. ~a! HREM image,~b! SADP, and~c! NBD pattern of the Zr70Pd30
amorphous alloy annealed for 120 s at 690 K. The beam diameters
SADP and NBD are;1 mm and 1 nm, respectively.
FIG. 15. ~a! HREM image and~b! NBD pattern of the Zr70Pd30 amorphous














































4724 J. Appl. Phys., Vol. 90, No. 9, 1 November 2001 Saida, Matsushita, and Inouemedium-range order. The precipitated particle with a dia
eter of;12 nm is observed in the center of the HREM im
age. The NBD pattern taken from the precipitate clearly
dicates the fivefold symmetry, which is identified as
icosahedral quasicrystalline phase. The icosahedral med
range order is also detected simultaneously around the in
face between the icosahedral particle and amorphous ph
as marked with circles in the image. We can presume tha
icosahedral quasicrystalline particle grows from the icosa
dral medium-range order with assimilating the mediu
range orders. As we discussed in the redistribution beha
through the nanoquasicrystallization, the average comp
tion difference between the icosahedral phase and the
sidual amorphous phase is slight~;3 at %! in the Zr70Pd30
amorphous alloy and negligible in the Zr80Pt20 amorphous
alloy. It is therefore realized that the icosahedral mediu
range order grows easily to the icosahedral quasicrysta
phase, which is the dominant factor for the formation of t
nanoicosahedral phase.
V. CONCLUSIONS
We investigated the transformation behavior and the
mation mechanism for the nanoicosahedral phase in
Zr70Pd30 and Zr80Pt20 amorphous alloys. The results obtain
are summarized as follows:
~1! The transformation from the amorphous
nanoicosahedral phase with a diameter less than 20 nm
found in the Zr70Pd30 and Zr80Pt20 binary amorphous alloys
The nanoscale icosahedral phase was formed directly in
melt-spun Zr80Pt20 alloy by controlling the quenching rate.
~2! The average compositional difference between
icosahedral and the residual amorphous phases is s
~;3 %! in the Zr70Pd30 amorphous alloy and negligible in th
Zr80Pt20 amorphous alloy.
~3! The quasicrystallization proceeds in the diffusio
controlled growth mode with increasing nucleation rate
the Zr70Pd30 amorphous alloy. This transformation kinetic
contribute to the formation of a nanometer-scale icosahe
phase. The activation energy for grain growth is evaluate
be 270 kJ mol21. The small activation energy implies th
growth of icosahedral phase without long-range redistri
tion.
~4! The medium-range order indicative of the icosah
dral structure was observed in the Zr70Pd30 and Zr80Pt20

























dral phase in the Zr70Pd30 and Zr80Pt20 alloys is due to the
existence of an icosahedral medium-range order in the am
phous and/or liquid states. The icosahedral phase grows
ily from the icosahedral medium-range order due to
slight or negligible redistribution of constitutional elemen
These mechanisms may be concluded to be the domi
factor for the nanoscale icosahedral phase formation.
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